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IN T R O D U C T IO N
R oad traffic noise is one of the prim ary sources of environm ental noise both day and night, and current conditions are considered unacceptable by a large num ber of residents (Bjorkman, 1989) . O ne of the m ost significant effects of environm ental noise pollution in our society is the annoyance reaction. The effects of noise on hum an health and the assessment of annoyance due to engine sound have been reported in many studies (Bastenier, K losterkoetter, & Large, 1975; Bjorkm an, 1989; M aurin & Lam bert, 1990; Schiffbanker, Brandi, & Thien, 1991) . From previous studies, it is apparent that there is no agreed procedure for predicting the subjective annoyance response to an engine sound on the basis of objective measurem ents. This is because practical rating procedures rely on a large elem ent of subjectivity, which is undesirable for equitable regulation and control (Ikeda & Flindell, 1993) . O n the other hand, m ost m ethods used to estim ate hum an perception of sounds include am plitude and frequency m easures that are related to hum an scales of loudness and pitch of pure tones (A m erican National Standard Institute [ANSI], 1973, as cited in Laux, Davies, & Long, 1993) . The current standard m easure L p(A ) does not correlate well with hum an perception of complex sounds (Heilm an & Zwicker, 1987) .
H um an response to a sound event is influenced by many factors, such as the level, spectral composition and time structure of a signal, duration, and subjective attitude. P aram eters that describe annoyance response of listeners to engine sound are, for example, loudness, sharpness, roughness, impulsiveness, irregularity, periodicity, harmony, and tonal com ponents of sounds (Russell, Sekowski, & Nikokiroulis, 1992; Schiffbanker et al., 1991) . R esearchers have at tem pted to develop an annoyance prediction m odel that quantifies all these factors on the basis of objective m easurem ent. None of the models is used as a single criterion to describe
Correspondence and requests for reprints should be sent to M. Shafiquzzaman Khan, Acoustics Group, Division of Environment Technology, L u lei University of Technology, S-971 87 Lule&, Sweden. E-mail: <saka@arb.luth.se>. the relationship betw een noise and annoyance. Because sound is a complex phenom enon, it cannot be described by a simple sound level value. M ost of the research has been carried out to investigate the annoyance reaction to internal vehicle (cabin) sound, and only a few efforts have been directed towards reaction to external vehicle sound. Idling sound is common when vehicles are loading or unloading goods, or transporting. Several investigations have reported this to be the sound th at people find most annoying (Russell & Macaulay, 1989) . This study investigates the external vehicle sound in front of the engine during idling conditions. A stereo recording technique in free field conditions was used. The study has the following objectives:
1. to develop a prediction m odel of the subjective annoyance response during idling; 2. to determ ine the factors that describe annoyance; 3. to determ ine the degree of annoyance caused by various spectral distributions; and 4. to see w hether there is any difference in annoyance response betw een male and female participants.
EXPERIMENTAL METHODS

Participants
A total of 80 participants was used for the subjective evaluations, comprising 40 males with an age range of 20 to 55 years and a mean age of 27.3 years (SD = 7.3), and 40 females with an age range of 19 to 57 years and a m ean age of 25.3 years (SD = 7.8). Most of the participants were students, chosen randomly from the University of Lule&, as well as staff members. All participants were given a hearing test to confirm that their hearing threshold levels were below 20 dB at all octave bands up to 8 kHz.
Sound Stimuli
Sound was recorded on a tape recorder (Nagra IV-SJ 6964) from a 6-cylinder (in-line) 9-liter diesel engine for trucks and buses. The recording was m ade at a constant speed of 611 rpm in free field conditions during hot and cold idling states. The recording was m ade with two m icrophones (B&K 4165) at a distance of 1 m from the center of the engine in a hemi-anechoic room. The two m icrophones were placed 1 m apart, and the height of the m icrophones was 1 m from the floor. The recorded sound was then analyzed in time and frequency dom ains in order to obtain a representation of engine sound param eters that describe the cause of annoyance response. The experim ental setup is shown in Figure 1 . The recorded engine sound was m anipulated by a one-third-octave band equalizer to create different types of sound stimuli. M anipulated sound stimuli were created on the basis of harm onic content, sound pressure variations in low and high frequency, roughness, and impul siveness. The reason for m anipulating the original sound was to find the relationship between the various psychoacoustic param eters and the different characters of the sound. The maxi mum range of m anipulation in each of the one-third-octave band frequencies was ± 12 dB and was equal for both channels. A total of eight different sound stimuli, both m anipulated as well as original, were re-recorded on a digital audio tape recorder. The recorded stimuli were presented to the participants at a constant level of 80 dB (A ) in a randomized paired com pari son procedure (Bristow & Johansson, 1984) , either in AB or BA sequence.
Pilot Study
A total of 28 pairs in two halves, that is, 14 pairs in each half, were presented on two occasions (on 2 days) to each participant. The time, anechoic environm ent, and other extraneous vari ables were kept constant on both occasions. A pilot study was carried out on 4 experim ental participants to see the effect of presenting 28 pairs at the same time and also of presenting 14 pairs each on two occasions. All the participants stated that presenting 28 pairs of sound stimuli at the same time m ade them unable to concentrate on their judgm ents at the end of the test. Participants also stated that presenting 14 pairs each on 2 days did not give them any feelings of fatigue during the test. The consistency of agreem ent was found to be very high (.99) when presenting 14 pairs each on 2 days than presenting 28 pairs (.72) at the same time.
Sound Reproduction System
Several techniques have been developed to improve recording and reproducing sound image (G enuit, 1992; Jecklin, 1981; Stanley, 1986; Theile, 1991) . In general, head-related recording and headphone reproduction, or stereo recording for loudspeakers or headphone reproduction have been used in laboratory studies. Differences in individual noise impulse detection were reported m ore in headphone listening than in loudspeaker listening (Ikeda & Flindell, 1993) . This study also revealed that participants feel less com fortable when listening with head phones. Sound reproduction through loudspeakers is m ore convincing to most people because it comes from virtual sources, that is, sources in front of listeners (Kleiner, 1993) . A com bina tion of stereo recording and loudspeaker reproduction was used in this study. The loudspeakers used in this experim ent were built to cover the frequency range from 20 Hz to 20 kHz. Each speaker system contained two separate cabinets: one was a woofer (bass-reflex design), and the other was divided into mid-and high-frequency enclosures. Each speaker consisted of three different units combined to give the desired output. These units were a woofer (15 in./38.1 cm) to produce low-frequency inform ation (20-250 Hz), a m edium sized unit (5 in./12.7 cm) to produce m id-range frequencies (250-3700 Hz), and a tw eeter (3/ t in./1.9 cm) to produce high frequencies (3.7-20.0 kHz). The mid-range and tw eeter units were m ounted in an irregularly shaped enclosure and placed on top of the woofer. All these drivers were m ounted in a vertical in-line and time-aligned formation. This particular configu ration is im portant with regard to stereo image stability and gives superior stereo results (Hughes, 1976 , as cited in Colloms, 1991 .
A n electronic crossover network was used between the woofer and m id-range unit. The high-and m id-frequency units were connected by passive networks. Each speaker unit was fed directly by its own pow er amplifier. The response of each speaker was m easured (B&K Type 2032) in an anechoic room in time and frequency domains on the basis of sine, impulsive, and random sound from the listening position with a single microphone. The responses of both speakers were carefully m atched and found to be flat in the listening position, within ± 2 dB in a frequency range betw een 30 H z and 20 kHz. A t a level of 90 dB (sine wave), the distortion factor above 150 Hz was found to be lower than 0.3%. This indicates a relatively good figure for loudspeaker representation (Zw icker & Fasti, 1990) .
B oth loudspeakers were placed in an anechoic room, at a distance of 130 cm in front of a side wall. The distance betw een the centers of the two speakers was 240 cm. A chair was fixed in betw een the two speakers at a distance of 300 cm from the speakers. Each participant was asked to sit com fortably on an adjustable chair. The height of the ear position for each participant was kept constant, about 114 cm above the floor.
Test Procedure
The study was carried out in an anechoic room. All sound stimuli were presented random ly to the participants with a silent pause of 8 to 10 s betw een each pair. A fter the presentation of each pair, the participants judged which sound stimulus was m ore annoying or if they were equal. They were also asked to give an annoyance rating based on how much m ore annoying one stimulus was over the other one. The judgm ents were recorded on a 10-cm scale. If both sound stimuli were felt to be equal, the participants m arked their judgm ent at the m iddle of the scale. The reason for this m ethod was to see w hether there was any difference betw een the paired com parison m ethod (PCM ) and the participant's personal preference comparison rating m ethod (SPCRM ). In the PCM, the scores were distributed as 2-0,0-2 or 1-1 for a pair. As an example of SPCRM , if the participant gave a cross m ark on 7 cm, the score was 7 for Stimulus A, whereas the corresponding value 3 (10-7) was the score for Stimulus B. The participants were allowed to repeat any pair if they were unable to m ake a judgm ent. All participants were untrained and were given all the required verbal instructions.
Estimation of Physical Parameters
All engine sound stimuli were m easured from the listening position in free field conditions in two different procedures for estim ating objective param eters. In the first procedure, the recording was m ade with a single m icrophone with the participant absent (B&K 4133). In the second, the recordings were m ade using two phase-m atched m icrophones (B&K 4177) placed outside the ear canal of several test persons. In the latter case, 1 male participant and 1 female participant who gave a response close to average were used to m easure the objective param e ters of the engine sound. The reason for the second recording procedure was to see what sound participants actually hear, as the sound pressures recorded from a few m illimeters outside the open ear canal showed the full spatial inform ation of the ear response (M oller, 1992) .
Several m ethods have been developed for evaluating various objective param eters of a sound. By using these methods, an attem pt was m ade to identify the objective param eters that best correlate with the subjective annoyance scores. Objective param eters for each sample of sound stimuli were determ ined to obtain a prediction model of annoyance response. The estim ated param eters are shown in Table 1 .
Statistics
M ultiple linear regression analysis was applied to determ ine the objective param eters that fit best with subjective annoyance scores (Hussain, Golles, Ronacher, & Schiffbanker, 1991). Differences betw een sex, and also among various diesel engine sound stimuli, were analyzed using Tukey's m ethod (Box, H unter, & H unter, 1978) . The consistency of agreem ents among the participants was evaluated using K endall's rank correlation coefficient m ethod (Hussain et al., 1991) .
RESULTS
The results show that there is a significant difference among various m anipulated diesel engine sound stimuli at a 95% significance level as well as between various sound stimuli and sex at a 90% significance level ( Table 2) . The m ean difference of annoyance ratings betw een male and female participants is shown in Figure 2 . M ale participants gave a higher annoyance rating for Stimulus 5 than female participants. Female participants gave a higher annoyance rating for Stimulus 8 than male participants. The annoyance scores were found to be distributed normally. Various m anipulated sound stimuli and their corresponding m ean annoyance scores of both males and females together for SPCRM and PCM are shown in Table 3 . This table shows that Stimuli 1 and 5 were judged to be m ore annoying than the other sound stimuli. Increasing even harm onic frequencies and decreasing odd harm onic frequencies (Stimulus 4) was shown to be least annoying for the participants. In this case, the fundam ental frequency of the engine was considered according to the firing frequency. Sound recorded at a 45° angle (right side) from the center of the engine (Stimulus 8) resulted in a higher annoyance response than sound recorded (Stimulus 6) in front of the center of the engine. This might be due to the fact that Stimulus 8 was recorded closer to the fuel pum p which has a higher intensity in the high-fre quency region and thereby a high-pitched sound character. The effect of objective param eters (Table 1) on subjective annoyance response were ana lysed using m ultiple regression analysis (Figure 3) . The param eters loudness, impulsiveness (Kurtosis Level), sharpness (B ark), roughness (Smod), and an interaction between loudness and roughness (Smod) showed significant effects on annoyance scores,/? < .001. This particular com bination of param eters was first selected by using a stepwise selection m ethod (Hussain et al., 1991) , and then it was verified with linear multiple regression analysis, using all possible com binations of regressors.
A n annoyance prediction model was obtained on the basis of loudness (ISO 532B), impul siveness (Townsend, 1989) , sharpness (Zwicker & Fasti, 1990) , and roughness . M ean annoyance scores for male and female participants were considered separately to derive this prediction m odel because the annoyance ratings differed significantly for male and female participants,/? < .10. This difference in annoyance rating was obvious for sound Stimuli 5 and 8 (Figure 2) . The annoyance prediction model of the sound stimuli was deter mined by four physical param eters:
A nnoyance = 30 + p x(Loudness) + (^(Kurtosis Level) + P3(Bark) + (34(Smod) + 0 14(Loudness) * (Smod) Â s there was an interaction effect between loudness and roughness in the prediction model, these two variables could not be interpreted separately. Interaction occurred because a higher level of loudness masked roughness, whereas the lower level of loudness at a higher level of roughness produced pronounced annoyance. This particular com bination, for example, could be seen in Stimulus 5, which was judged by the participants as one of the most annoying. Increased impulsiveness and sharpness produced higher annoyance. This was true for Stimulus 1, which was judged as the m ost annoying by all participants.
The prediction m odel was found to fit the annoyance response. The i?2ad: was 90.1%, and the standard error was 0.31. The prediction model was first developed on half of the samples, chosen randomly from the data, and then tested on the other half of samples using a similar m ethod. This verification showed a negligible difference between the two halves of the data samples. The m odel was therefore applied to all the data samples to obtain a prediction m odel of annoyance response. The prediction m odel indicated that both individual param eters and an interaction betw een two param eters (loudness and roughness) were the determ ining fac tors in defining annoyance response. A nnoyance prediction models for engine sound have been defined by individual objective param eters (Hussain et al., 1991; Schiffbanker et al. 1991) .
The prediction m odel was developed using SPCRM because it fits with the results better than the PCM. It seem ed that the participant's own preference rating was necessary to consider the subjective annoyance response for various sound stimuli. Objective param eters m easured with a single m icrophone showed better correlation with the annoyance response than m easurem ent with two m icrophones placed near the ear canal of the participant.
D ISC U SSIO N
The consistency of agreem ents was found to be higher for female participants (.988) than for m ale participants (.951). The reason for obtaining such overall high consistency was to present pairs equally on two occasions. This kept the participants' concentration on their judgm ents as constant as possible during the test period.
The spectral distribution (Stimulus 1) that contained higher sound pressure levels in high frequencies and thereby increased impulsive character was found highly annoying com pared to the other sound stimuli (Russell & Macaulay, 1989; Schiffbanker et al., 1991) . The estim ated values of sharpness and impulsiveness were found to be higher for Stimulus 1 than for other sound stimuli, especially Stimuli 3 and 4. It was necessary to consider the interaction effect due to the fact that Stimulus 5 could not be explained by any single param eter. Stimulus 4, where all one-third-octave band levels for even harm onic frequencies were increased and decreased for odd harm onic frequencies, was found to be the least annoying.
The validity of the prediction m odel was checked by applying two new engine sound stimuli (denoted as Stimulus 9 and Stimulus 10) into the model. These two sound stimuli were chosen from several sound stimuli that were created by experienced acoustical engineers. This was achieved by the m anipulation of the one-third-octave band levels from the original sound stimulus (Stimulus 6). The two new sound stimuli were created on the basis of subjective preference with the intention of m aking them as pleasant as possible. The prediction model was tested with these two sound stimuli (9 and 10) which gave the annoyance ratings of 2.88 and 3.77, respectively. To check the validity of these two rating scores, the two stimuli (9 and 10) were presented to 20 new participants together with three old stimuli, in a paired com pari son procedure. The participants comprised equal num bers of males and females, chosen random ly from the university students and staff members. The audiogram s of the participants showed that they had norm al hearing ability. A total of 12 pairs were presented random ly to the participants both in the AB and BA sequences. This was done to check the reliability of their judgments. The pairs consisted of stimuli num bers 1 and 9, 4 and 9, 6 and 9,1 and 10, 4 and 10, and 6 and 10. The testing procedure was similar to that of the original experim ent with the exception that the task of the participant was to judge how much m ore annoying was one stimulus in a pair or if they were equal in annoyance judgm ent. The reliability of their judgm ents was shown to be 100%, m eaning their judgm ents were identical for both the AB and the BA sequences. The result is shown in Table 4 . This table shows that the participants found Stimulus 9 to be m ore pleasant than the other sound stimuli. Stimulus 10 resulted in almost the same judgm ent as Stimulus 4. The predicted annoyance rating for Stimulus 10 was alm ost equal to that for Stimulus 4. The inclusion of sound stimuli 9 and 10 in the prediction m odel (Figure 4 ) provided a strong indication of its validity. The i?2adj and the standard error were found to be 93.1% and 0.29, respectively. Thus, the prediction model (see Figure 3) can be used to predict the annoyance response of a diesel engine sound in the idling state, at least when dB (A ) levels are alm ost equal. A ccording to Table 4 , Stimulus 9 was judged to be the least annoying for the participants. This spectral distribution is shown in one-third-octave band levels in Figure 5 .
C O NC LU SIO N
Spectra dom inated by higher sound pressure levels in high frequency were found to cause m ore annoyance. These spectra often showed an increase of impulsiveness and sharpness. A spectrum classified as less annoying can be used as a basis for a m odification of m otor vehicles. R epresenting sound stimuli through loudspeakers can also provide a "tru e " picture of annoy ance response to the various engine sound spectra. The objective param eters of loudness, sharpness, impulsiveness, roughness, and an interaction between loudness and roughness were described as the cause of annoyance. A single m icrophone can be used for m easuring objective param eters of the sound stimuli. The participant's personal preference rating m ethod (SPCRM ) showed better correlation with objective param eters than the paired com parison m ethod (PCM). 
